Immune checkpoint blockade has greatly improved the clinical outcomes of many patients with metastatic melanoma, however, almost half do not respond. Whether the interspatial distribution of immune and tumor cells predicts response to anti-PD-1-based therapies and patient outcomes in any cancer, including melanoma, is currently unknown. Here, we examined the spatial distribution of immune and tumor cells via multiplex immunofluorescence. Pre-treatment melanoma specimens from 27 patients (n = 18 responders; n = 9 nonresponders) treated with anti-PD-1 monotherapy and 34 patients (n = 22 responders; n = 12 non-responders) treated with combined ipilimumab and anti-PD-1 immunotherapy were studied. Responders displayed significantly higher densities of CD8 + tumor-infiltrating lymphocytes within a 20 µM distance from a melanoma cell compared to non-responders in both anti-PD-1 alone (p = .0024) and combination-treated patients (p = .0096), that were associated with improved progression-free survival for both therapies (anti-PD-1 p = .0158; combination therapy p = .0088). In multivariate analysis, the best model for 12-month progression-free survival for anti-PD-1 monotherapy included PD-L1 + cells within proximity to tumor cells and intratumoral CD8 + density (AUC = 0.80), and for combination therapy included CD8 + cells in proximity to tumor cells, intratumoral PD-L1 + density and LDH (AUC = 0.85). Assessment of the spatial distribution of immune cells in relation to tumor cells provides insight into their role in modulating immune response and highlights their potential role as predictors of response to anti-PD-1 based therapies.
Introduction
The immune checkpoint inhibitors anti-PD-1 and anti-CTLA-4 are the most effective treatment options for metastatic melanoma, with response rates ranging from 44% with anti-PD-1 monotherapy to 58% with the combination of anti-PD-1 and anti-CTLA-4. 1 Such response rates are usually durable. While this is a major advance for many patients, there remains a large proportion of patients who do not respond. Biomarkers that predict response are required to direct those who will not respond to anti-PD-1 based therapies to alternate treatments.
There is substantial evidence supporting the importance of pre-treatment immune cell infiltration in eliciting anti-tumor responses with anti-PD-1/anti-CTLA-4 immunotherapy across cancer. 2 At present, the only approved biomarker of response to anti-PD-1 is immunohistochemical staining of the PD-1 ligand (PD-L1) in non-small cell lung cancer. In melanoma, studies have found the response rate for those positive for PD-L1 expression is higher compared to those with PD-L1 negative tumors, however, PD-L1 negative patients still respond (12-37%) and the assay is not predictive in the setting of combination anti-PD-1/anti-CTLA-4. 3, 4 Many studies have found a correlation between immune infiltrates and patient's response using quantitative pathology, 2 with increased infiltrates of proliferating PD-1 + /Ki67 + immune cells correlating with response to anti-PD-1 in a small number of patients (n = 15). 5 In addition, higher densities of regulatory T-cells (Tregs) have been associated with poor prognosis and response to immunotherapy. 6 However, tumor heterogeneity for PD-L1 expression is high 7 and many patients with high TILs and/or high PD-L1 expression fail to respond to immunotherapies. 8, 9 Consequently, there remains an urgent need to identify more robust biomarkers of response and resistance to immunotherapies.
The distribution of immune cells relative to each other as well as to tumor cells may influence not only melanoma disease progression, but also a response to immunotherapy. Several studies have demonstrated the association between the spatial distribution of immune cells and prognosis in various cancers. 10, 11 The distribution of T-cells in close proximity (≤10 µM) to the tumor periphery has been associated with improved overall survival in patients with liver metastases from colorectal cancer. 10 In non-small cell lung cancer, the intercellular interactions between tumor cells and regulatory T-cells (Tregs) were associated with poor survival, while the interaction between CD8 T-cells and Tregs correlated with improved survival. 11 However, the intercellular spatial distribution of immune cells and their association with survival and response to anti-PD-1-based immunotherapies have not yet been studied in detail.
In this study, we explored the spatial distribution of immune cells within the pre-treatment metastatic melanoma specimens from patients treated with anti-PD-1 monotherapy or combined anti-CTLA-4 and anti-PD-1 immunotherapy. Using highly quantitative multiplex immunofluorescence, the spatial distribution of immune and melanoma cells were quantified and correlated with clinicopathologic characteristics, response and progression-free survival.
Methods

Patient cohorts
A cohort of 27 patients (n = 18 responders; n = 9 nonresponders) who were treated with anti-PD-1 monotherapy and 34 patients (n = 22 responders; n = 12 non-responders) treated with combined ipilimumab and anti-PD-1 immunotherapy with available baseline formalin-fixed, paraffin-embedded (FFPE) melanoma tissue were examined. Baseline biopsies taken prior to treatment with immunotherapies were used in this study and samples were acquired with written informed consent from all patients and the Melanoma Biospecimen Tissue Bank. This study was conducted in accordance with the Declaration of Helsinki, and with ethical approval from the Sydney Local Health District Human Research Ethics Committee (Protocol No. X15-0454 and HREC/11/RPAH/444). Patient response was determined using the RECIST 1.1 criteria. 12 Patients who achieved a complete response, partial response or stable disease of greater than 6 months were classified as responders, while patients with progressive disease or stable disease of less than or equal to 6 months before disease progression were categorized as non-responders, as previously described. 13 
Multiplex immunofluorescence
Multiplex immunofluorescence was performed on baseline FFPE specimens, as previously described. 13 Briefly, 4µM FFPE sections were deparaffinized in xylene and subsequently run through graded ethanols. Antigen retrieval was performed using pH 9 buffer (Perkin Elmer) in a microwave, and then cooled on the bench in TBST before commencing staining using the DAKO Autostainer Plus. Slides were sequentially stained with the primary antibodies for PD-1 (Cell Marque, 1:500), FOXP3 (Abcam, 1:2000), SOX10 (Biocare Medical, 1:800), PD-L1 (Cell Signaling Technology, 1:2000) , and CD8 (Sigma-Aldrich, 1:500). Antibodies were detected using the MACH3 HRP-Polymer detection kits, and visualized using the Opal TSA fluorophores (Perkin Elmer; 1:50). Following all stains, sections were counterstained with DAPI and slides were coverslipped using the VectaShield Hardset mounting media.
Image analysis
Slides were imaged using the Vectra 3.0 slide scanner and visualized in Phenochart whole slide viewer (Perkin Elmer). Twenty multispectral images per each tumor biopsy were acquired using the 20X objective (200X absolute magnification), with core biopsies, and specimens with less than 20 fields of view or a peritumoral area of less than 350,000 µm 2 excluded from the analyses (n = 24/85). Image analysis was performed using the Inform quantitative pathology software (Perkin Elmer) to identify cells, their spatial location and the expression of the above markers on a cell by cell basis. Cell phenotypes were assigned using the quantitative pathology module of TIBCO® Spotfire® 6.0.0 software.
Spatial distribution analysis
Spatial distribution analysis was performed on the cell segmentation data in the R environment. Distances between immune cell phenotypes (T-cells (CD8 + ), Tregs (FOXP3 + ), PD-1 + and PD-L1 (PD-L1 + /SOX10 − ) immune cells) and tumor cells (SOX10 + ) were calculated using the Phenoptr R package, as previously described. 14 Briefly, the nearest-neighbor analysis function was used to compute the distance of each individual cell to the nearest cell for each of the above predefined phenotypes in the merged dataset produced via inForm. The subsequent cell phenotype and intracellular spatial location file with the newly added cell-to-cell distances was then used to calculate the median distances between cells, and the number of cells within 20 µM intervals of each phenotype using TIBCO® Spotfire® 6.0.0. Immune cells within 20 µM of a melanoma cell were quantified as densities to take into account the intratumoral and peritumoral tissue areas, and reported as cells per mm 2 . The 20 µM intervals were selected to build upon prior work in the field and to account for the larger cell size of the melanoma cells. 15 
Statistical analysis
Kaplan-Meier log-rank analyses were performed using Graphpad Prism 7.0 to determine associations between cellto-cell distances, and progression-free and overall survival. The optimal cutoffs for Kaplan-Meier analyses were determined using Cutoff Finder. 16 A univariate Cox proportional hazards (Cox PH) model was used to assess the association of each of the factors (number of intratumoral immune cells with 20 µM of a SOX10 + melanoma cell) with progressionfree survival. Factors for which the hazard ratios were statistically significant at the level of significance 0.2 were then included in a multivariate Cox PH model performed using SAS. In order to eliminate factors that do not impact progression-free survival, the final regression model was determined using the backward elimination technique which included only those variables with statistically significant hazard ratios at the level of 5% (P ˂ 0.05). Receiver operating characteristic (ROC) curve analyses were performed using R. All other statistical analyses were performed using Graphpad Prism 7.0. These involved the Mann-Whitney U test and one-way ANOVA. A P value of less than 0.05 was considered statistically significant.
Results
Patient characteristics
This study included baseline FFPE melanoma samples from 27 metastatic melanoma patients treated with anti-PD-1 monotherapy and 34 patients treated with combination anti-PD-1 and anti-CTLA-4 immunotherapy. Patients were classified as responders and non-responders, as previously described. 13 The median age of the anti-PD-1 monotherapy cohort was 67 y, with elevated LDH in 44% of patients and BRAF mutation in 26% (Table 1) . Median progression-free survival for the anti-PD-1 monotherapy cohort was 19.4 months (ranging from 0.3 to 52.7 months) and median overall survival was 28.9 months (ranging from 1.9 to 52.7 months). There was no significant association between response and patient sex, LDH, BRAF mutation status, drug type, or M stage 17 (Table 1 ).
In the combination therapy cohort, the median age was 57 y, with elevated LDH and BRAF mutation in 26% and 47% of the cohort, respectively ( Table 2 ). There was a significant association between LDH and response (P = .04), with elevated LDH in 14% of responders and 50% of non-responders. There was no significant correlation between response and patient sex, BRAF mutation, or type of drug therapy. Median progression-free and overall survival were not yet reached for the combination therapy cohort ( Table 2) .
Median distance between immune and tumor cells does not correlate with response
We calculated the shortest distance from each immune cell phenotype to the nearest melanoma cell in the intratumoral and peritumoral regions. The median distance of the immune cell phenotypes to the nearest melanoma cell displayed very little variability across the entire study, particularly in the intratumoral region, with a median of less than 8µM for the majority of phenotypes and both response groups. No significant differences were observed between responders and nonresponders in the median distance of immune cells to the nearest SOX10 + tumor cell in either the anti-PD-1 monotherapy ( Supplementary Figure 1(a) ), or the combination treatment cohort ( Supplementary Figure 1(b) ). However, this analysis did not account for differences in the numbers of immune cells in proximity to the tumor cells (Figures 1(a) and 2(a)).
Density of immune cells within 20 µm of a melanoma cell is significantly associated with response
We therefore investigated whether the density of immune cells within a specific distance to a SOX10 + melanoma cell would differ between responders and non-responders to anti-PD-1 based immunotherapies. The number of immune cells within each phenotype was calculated at 20 µM intervals from the nearest melanoma cell (Figures 1(b) and 2(b) ). To determine which distance showed the greatest differences between responders and non-responders, the number of CD8 + T cells in proximity to a melanoma cell was compared between the two groups at each 20 µM interval. A significant difference in the number of CD8 + T cells was observed only at the 0-20 µM distance from a melanoma cell for both the monotherapy (Figure 1(c) ) and combination therapy (Figure 2(c) ) cohorts. Therefore, this distance was selected for further analysis.
In the anti-PD-1 monotherapy cohort, responders displayed significantly higher densities of intratumoral immune cells (CD8 + , FOXP3 + , PD-1 + and PD-L1 + ) within 20 µM of a SOX10 + tumor cell compared to non-responders (Figure 1(d) ). In the peritumoral regions, significantly higher densities of FOXP3 + , PD-1 + and PD-L1 + cells were observed in responders compared to non-responders. There was no significant difference in CD8 + T-cell density within 20 µM of a melanoma cell between responders and non-responders (Figure 1(d) ).
In the combination therapy cohort, the intratumoral CD8 + T-cell density and PD-L1 + density within 20 µM of a melanoma cell was significantly higher in responders compared to nonresponders (P = .0096 and P = .0134, respectively; Figure 2(d) ). Furthermore, responders displayed a significantly higher density of peritumoral CD8 + T cells within this same distance compared to non-responding patients (P = .0443; Figure 2(d) ).
We investigated the relationship between the numbers of intratumoral CD8 + T cells within 20 µM of a melanoma cell in the various sites of melanoma metastases for both treatments ( Supplementary Figure 1(c) ). The highest counts were observed in visceral sites (n = 3 lung, n = 1 brain, n = 1 bowel, and n = 1 abdomen; mean = 147.5, SD = 128.8), followed by lymph mode metastases (n = 18, mean = 144, SD = 118.2) and subcutaneous metastases (n = 37, mean = 129.4, SD = 148.7). Similar trends were observed in the peritumoral regions, however there was no significant difference between the CD8 + densities at different biopsy sites in both the intratumoral and peritumoral regions ( Supplementary Figure 1(c) ).
Density of immune cells within 20 µm of a melanoma cell is associated with progression-free survival
In univariate analyses, higher densities of intratumoral CD8 + , FOXP3 + , PD-1 + , PD-L1 + , CD8 + FOXP3 + and CD8 + PD-1 + cells within the 20 µM distance to SOX10 + melanoma cells in anti-PD-1 monotherapy patients were significantly associated with longer progression-free survival (Figure 3(a) and Table 3 ). Factors for which the hazard ratios were statistically significant (P ≤ 0.2) were then included in a multivariate Cox PH model. Final multivariate analyses using the backward elimination technique revealed that a higher density of total CD8 + cells, and higher density of PD-L1 + cells within 20 µM of a melanoma cell were associated with significantly longer progression-free survival (P = .0877, HR = 0.40, 95% CI = 0.14, 1.14, and P = .0145, HR = 0.26, 95% CI = 0.09, 0.76, respectively; Table 3 ).
In univariate analyses for the combined immunotherapy cohort, higher densities of intratumoral CD8 + and PD-L1 + cells within 20 µM of SOX10 + cells were associated with longer progression-free survival (P = .0088 and P = .0265, respectively; Figure 3(b) ). Furthermore, elevated baseline LDH levels were associated with significantly shorter progression-free survival (P = .0015, HR = 5.44, 95% CI = 1.91, 15.51; Table 4 ). In the final multivariate analyses using the backward elimination technique, a higher density of total PD-L1 + cells (P = .1295, HR = 0.37, 95% CI = 0.10, 1.34; Table 4 ), a higher density of CD8 + cells within 20 µM of a melanoma cell (P = .0329, HR = 0.24, 95% CI = 0.07, 0.89), and normal LDH (P = .0027, HR = 5.47, 95% CI = 1.81, 16 .56) were associated with longer progression-free survival.
ROC curve analysis for the multivariate regression models identified via the backward elimination method revealed an area under the curve (AUC) of 0.80 for 12 months progression-free survival in anti-PD-1 monotherapy (Figure 3(c) ), and an AUC of 0.85 for 12 months progression-free survival in combination anti-PD-1 and anti-CTLA-4 immunotherapy (Figure 3(d) ).
Discussion
As far as we are aware, this is the first study in any cancer that has used precise quantitation of the spatial distribution of tumor and immune cells to predict response in patients treated with combination immunotherapy. We investigated the spatial profiles of immune and melanoma cells in tumor biopsies from patients with metastatic melanoma treated with anti-PD-1 monotherapy or the combination anti-CTLA-4 and anti-PD-1 immunotherapy. Our study revealed that while there was no association between response to anti-PD-1 based immunotherapies and the median distance between immune and SOX10 + melanoma cells, the densities of immune cells within 20 µM of a melanoma cell significantly correlated with response and progression-free survival. Finally, regression models associated with progressionfree survival combining these immune factors with clinical parameters were established. These findings have implications for the selection and treatment of patients with metastatic melanoma using anti-PD-1 based therapies.
The application of the quantitative multiplex immunofluorescence platform has become increasingly useful for the performance of spatial distribution analysis of immune and tumor cells in various cancers, including breast cancer, pancreatic cancer, and colorectal cancer. 10, 15, 18 The densities of PD-1 + and PD-L1 + expressing cells in the tumor microenvironment positively correlated with response to anti-PD-1 monotherapy in patients with Merkel cell carcinoma. 19 In metastatic melanoma, patients expressing high PD-1/PD-L1 demonstrated significantly improved progression-free survival and overall survival, and were more likely to respond to anti-PD-1 monotherapy. 20 In the current study, we demonstrated significant associations between the densities of different immune cell populations within 20 µM of a melanoma cell, and response to anti-PD-1 based immunotherapies. Furthermore, these numbers were significantly associated with progression-free survival. The spatial interactions between immune and tumor cells greatly impact the overall tumor ecosystem and have significant influence over the development of metastases and therapy response. 21, 22 In pancreatic cancer, the infiltration of specific T-cell subpopulations, and the levels of cytotoxic T-cells within a 20 µM radius of a cancer cell was significantly correlated with improved patient survival. 15 These findings suggest that, in addition to densities of various immune cell populations, it is also critical to consider the geographical locations of these immune cells in relation to tumor cells when determining the most appropriate form of therapy for melanoma (and other cancer) patients.
Our study revealed a regression model associated with progression-free survival in anti-PD-1 monotherapy, which included the density of PD-L1 + cells within 20 µM of a melanoma cell and the total CD8 + density, and was independent of the clinical factors LDH and M stage. This is in line with a recent study showing that PD-L1 + expression on both melanoma cells and macrophages correlated with significantly higher levels of intratumoral CD8 + cells, but not with intratumoral CD4 + Tregs. 23 Importantly, a comparison of the hazard ratios and P values between the two factors in our final multivariate model showed that the density of PD-L1 + cells within proximity to a melanoma cell had a greater impact on outcome compared to CD8 + density alone. Additionally, the type, density and location of immune cells were found to have better prognostic values for disease-free and overall survival compared to standard histopathologic classifications in colorectal cancer. 24 In the current study, we also demonstrated a model for progression-free survival in combination treatment, including the number of intratumoral CD8 + cells within 20 µM of a melanoma cell, PD-L1 + density and LDH. Similar to the monotherapy cohort, a comparison of the hazard ratios and P values between these factors revealed that the spatial distribution of CD8 + cells in relation to melanoma cells has a greater impact on outcome compared to PD-L1 + density alone. Spatial distribution analysis in primary melanomas revealed that the diffuse localization of CD8 + T cells was associated with significantly longer melanoma-specific survival and disease-free survival, compared to the marginal localization of CD8 + cells. 25 Furthermore, baseline LDH was significantly associated with an impaired overall survival in metastatic melanoma patients treated with combination anti-CTLA-4 and anti-PD-1. 1 , 26, 27 These findings highlight the need for assessment of immune parameters along with clinical and histopathologic factors for the administration of personalized therapies for patients with metastatic melanoma.
One of the limitations of this study is the small sample size for each treatment cohort, particularly of the non-responding patients. The requirement for a total of 20 fields of view per sample, including both intratumoral and peritumoral tissue regions, limited the use of core biopsies as well as other samples lacking sufficient peritumoral tissue, hence reducing the number of samples included in the study. Future studies are required to investigate the accuracy of spatial immune-tumor locations in small melanoma biopsies, such as core biopsies, in predicting patient response to immunotherapies. Due to the small cohort sizes only two clinical factors, LDH and M stage, were included in the multivariate Cox regression analyses. In addition, due to the limited sample size, patients were grouped into two categories, responders versus non-responders, where the latter also included patients with stable disease of less than 6-months duration, which might be biologically distinct from the non-responding patients with progressive disease. Thus, it will be necessary to validate our findings in a larger independent cohort, and to include other clinical variables in the multivariate analysis. Furthermore, our study utilized SOX10 as a melanoma marker to calculate the spatial distances of the immune cell populations to melanoma cells. While the melanoma cells in our study were all homogenously positive for SOX10, it has been shown that de-differentiation in melanomas is linked to loss of SOX10 during treatment with small molecule BRAF inhibitors 28 and de-differentiation has been associated with immunotherapy resistance. 29 Therefore, heterogeneous melanoma expression of SOX10 should be considered when applying the techniques outlined in this study, particularly during treatment with targeted or immunotherapies.
In conclusion, our study investigating the spatial profiles of metastatic melanoma patients reveals the importance of the density of immune cells in close proximity to melanoma cells in determining response to anti-PD-1 immunotherapies. Furthermore, we establish regression models for progressionfree survival including the intratumoral cell-to-cell distances and clinical factors for each form of immunotherapy. Our findings suggest that the quantitative spatial profiling of immune markers via multiplex immunofluorescence could be a useful tool for treatment selection and add to the current ongoing investigations seeking to determine the most accurate biomarkers for singleagent or combination immunotherapy in melanoma patients. Health 
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